Cabbage presents high nutrients demand, which requires proposal of recommendation models that are compatible with current productive potential. The objective of this study was to propose a nutritional balance model to recommend nutrients for cabbage. In order to estimate fertilizer recommendation, the system considered the requirement subsystem (REQ), which includes the crop demand and recovery efficiency (RE) of the applied nutrient, and supply subsystem (SUP), which corresponds to the nutrient supply by soil and crop residues. To determine the attributes needed to estimate nutritional demand, values were obtained from literature and from two experiments, one with nitrogen (N) and one with potassium (K). The fertilizer recommendation for N, P and K consisted in the difference between REQ and SUP. For the other nutrients, the system presented only crop export and extraction and not the REQ due to scarcity of data regarding RE. The modeling is a useful tool for recommending fertilization for cabbage and is subject to constant improvements.
Introduction
In Brazil, official recommendation of fertilizers such as "Boletim 100" (Raij et al., 1996) and "5ª Aproximação" (CFSEMG, 1999 ) present limitations such as low aimed productivity potential, besides they do not consider demand variations with productivity in a continuous way and differences that may exist among cultivars and cultivation time for a same cultivar. Therefore, fertilizations are quite empiric and performed by farmers that apply fixed doses of nutrients. Doses should consider at least expected productivity, nutrient availability, and soil buffer capacity, in addition to the plant's efficiency to uptake them (Santos et al., 2008; Silva et al., 2009; Singh et al., 2012) .
Currently, there are in Brazil nutritional balance systems for several crops, such as pineapple , soybean (Santos et al., 2008; Kurihara et al., 2013) , carrot (Dezordi et al., 2015) , melon (Deus et al., 2015) , among others. These systems comprise mathematical models that allow estimating the nutrient requirements of the crop according to the expected productivity, as well nutrient supply from soil in response to the results of soil chemical analysis (available nutrients) and crop residues. Therefore, in these models, fertilizers recommendation comprises the difference between crop demand and nutrient supply available in the soil plus mineralization of crop residues.
Among vegetables, brassicas present high nutrients demand due to the high productivity of dry matter in a short period of time. Cabbage is the main commercial species of Brassicaceae and one of the main vegetables grown in Brazil. The nutritional balance system is a tool that may improve the estimation of nutrients need and support fertilizations consistent with the desired productivity of cabbage and soil fertility. The objective of this study was to propose a nutritional balance model to recommend nutrients for cabbage crop.
Material and Methods

Development of the System
The mathematical models comprised in the fertilizer recommendation system for cabbage were divided into two subsystems: nutrient requirement (REQ) and soil nutrient supply (SUP). The crop demand and recovery efficiency (RE) of the applied nutrient were considered to estimate the REQ. The crop demand was calculated based on dry matter content (DMC), coefficient of biological utilization (CUB) of the nutrients and harvest index (HI). RE indicates the percentage of the nutrient applied to the soil that plant recovers (Fageria, 1998) . The CUB is an efficiency index that indicates the ability of the plant to convert nutrient uptake into dry matter (Fageria, 1998) . The HI represents the mass fraction of dry matter (DM) or nutrient present in the commercial organ of the crop (head in case of cabbage) regarding all DM of the plant.
The SUP considered the nutrient supply by soil and residues from previous crops. The modeling of soil nutrient supply was based on studies available in the literature. Among these, stand out those performed to determine the recovery efficiency of extractors used in the soil analysis and the studies carried out to study the accumulation and dynamics of mineralization and nutrient release by crop residues as observed by Setiyono et al. (2010) , and Marcelo et al. (2012) .
Requirement Subsystem-REQ
Determination of Attributes for Modeling Nutritional Demand
To estimate the attributes required for modeling the nutritional demand of cabbage crop, data were obtained from researches of Aquino et al. (2009 ), Correa et al. (2013 ), and Silva (2016 , P = 13.4 (Mehlich-1 Extractor); S = 14.7; K = 46.2 expressed in mg dm -3 , organic matter = 3.1 kg kg -1 and V = 63%.
Each experimental unit consisted of a polyethylene pot (250 dm³), where four plants per pot were cultivated in a total of 16 pots. The cultivar used was Astrus Plus. The management of irrigation and control of pests and diseases was carried out according to the crop necessity.
At 0-20 cm depth of the soil, 0.4 mg dm -3 of Cu, 0.5 mg dm -3 of B, 100 mg dm -3 of K and 170 mg dm -3 of N, were applied and incorporated before transplantation. The P application was localized. In four holes, with 10 cm in diameter and 10 cm depth, were mixed 8 g of P 2 O 5 in soil. After that, the holes were covered where the cabbage seedlings were transplanted. At 40 days after transplantation, it was applied further 50 mg dm -3 of K.
The harvest was performed when compactness (firmness) of heads reached commercial acceptance. In each experimental unit, the four plants were harvested and weighed separately which were partitioned into head, outer leaves, stem and root. The whole root mass of pot was withdrawn and determined the fresh matter (FM) and dry matter (DM). FM was determined at harvest time. The samples were washed to remove the impurities and taken to a forced circulation oven at 70 ºC during 72 h. Later, they were removed and weighed to DM determination. The dried samples were ground in a Willey mill equipped with a 1.27 mm sieve and taken to the laboratory to determine macronutrient contents (N, P and K), according to the methods described by Silva (2009) The accumulations of nutrients in each part of the plant were calculated by the product between DM and nutrient content in the respective organ of plant. Accumulation of nutrients in percentage was calculated by the accumulated in each part of plant (head, leaf, stem and root) in relation to the total accumulated in whole plant.
From quantification of nutrient partition of each organ, constants were determined to the adjustment of REQ subsystem for N, P and K for modeling, considering the allocation of these nutrients to the stem and root system. The constants were calculated by the ratio between total accumulated in whole plant (head, external leaves, stem and root) and nutrient accumulation in the shoot (head and external leaves) ( Table 1) . The values of constants were: N-1.095282; P-1.132624; and K-1.112715. It is equivalent to information of 9.53, 13.26 and 11.27% of the N, P and K extracted by plant allocated in stem plus root system, respectively. The experiment was designed as randomized blocks with four replications. The plots presented four rows with six meters length and the useful were the two central, excluding 60 cm from edges. The plants were spaced at 38 cm between rows and plants for both experiments.
The soil preparation consisted of a plowing and two harrowing. Excepting for K, the soil correction acidity and fertilizations were carried out according to soil chemical analysis and crop recommendations. The seedlings were transplanted at 35 days after sowing. Crop treatments, pest control, and conventional sprinkler irrigation were performed according to crop needs. The meteorological data in the region during experiment conduction are shown in Figure 1 . The harvest was performed when heads compactness reached commercial acceptance. Ten uniform plants were harvested from useful plot and separated in heads (commercial part) and external leaves (vegetal remains), that originate the data of productivity and average fresh mass of heads and external leaves.
After weighing, the heads and external leaves were washed, grinded and placed in a forced air oven at 70 °C until constant weigh in order to determine DM. The K content was determined according to Silva (2009) . The K accumulations in each part of plants (head and external leaves) were calculated by the product between DM and K content for each organ. The total accumulated in the heads and external leaves are nutrients accumulation in the shoot, and the total accumulated only in the heads was the nutrients export.
Coefficient of Biological Utilization (CUB) and Nutrient Harvest Index (HI)
The CUB was calculated by the ratio between dry matter and the quantity of the nutrient accumulated in the plant. The HI was calculated by the ratio between extraction (amount accumulated in the heads and external leaves) and export (quantity accumulated in heads). For this first version of modeling the recommendation, it was used average values obtained in the researches of Aquino et al. (2009) , Correa et al. (2013) and Silva (2016) and experiments with K (Subsection 2.2.3) for TMS, CUB and HI (Table 3) . It should be noted that there is a range of values, which allows the user a choice depending on their cultivation condition. 
Determination of Recovery Efficiency of N, P and K by Cabbage Crop
The recovery efficiency (RE) measures the percentage of nutrient recovered by plant from the nutrient applied via fertilizer, and calculated with the following equation (Fageria, 1998) :
where, RE = Recovery efficiency by plant of the nutrient applied via fertilizer (%); Q Ad = Amount of the nutrient uptake by plant in the fertilized plot (kg ha 
Modeling of REQ Subsystem
To estimate the nutritional requirement, the REQ subsystem took into account the crop demand (calculated as a function of productivity) and RE of the nutrient applied. Export (EXP), extraction (EXT) and requirement (REQ) were estimated according to the following equations adapted from Dezordi et al. (2015) :
where, EXP: export of the nutrient (kg ha -1 ); prod: expected productivity of cabbage heads (t ha 
Subsystem Supply-SUP
The subsystem SUP of modeling the recommendation was developed only for N, P and K. To estimate the supply, the SUP considered the nutrients available in soil and crop residue.
Supply by Soil
The results of soil chemical analysis, nutrient recovery efficiency by extractors used in soil chemical analysis, and effective root system depth (PER) of cabbage crop were considered in order to estimate the soil nutrient supply according to the following equation:
where, SUP X soil : supply of the nutrient X by soil (kg ha -1 ); X analysis : content of the nutrient X in chemical analysis (mg dm -3 ); PER: effective depth of the root system (cm); RE ext : recovery efficiency of the nutrient by extractor (mg dm -3 /mg dm -3 - Table 4 ). ).
Unlike other fertilizers recommendation systems that consider the PER only at 20 cm depth; for this model it was considered a PER of 40 cm. This greater depth was adopted by the results obtained in the experiments with K that demonstrated significant contribution at 20-40 cm depth of soil (data not presented).
In order to estimate the soil N supply, it employed the kinetic equation of organic matter mineralization from Brazilian soils described by Carvalho et al. (2006) and developed according to the model proposed by Stanford and Smith (1972) 
Supply by Crop Residues
The supply of nutrients by crop residues was estimated by the model proposed by Wieder and Lang (1982) , which describes the variation of the nutrient content in the decomposing material as function of the crop cycle.
where, FR X D : remaining fraction of nutrient in the decomposing material after elapsed time t (kg ha -1 ); C X : nutrient content in crop residue (kg ha -1 ); k 0 : constant of nutrient decomposition (Table 5) ; t: crop cycle (days); SUP X R : supply of nutrient X by crop residues (kg ha -1 ).
The nutrient content in crop residues at the time of crop implantation (C X ) was estimated by product between the amount of dry matter of crop residues in the area and the content of the nutrients in these residues. jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 7; 2019 Marcelo et al. (2012) cited by Dezordi et al. (2015) .
Results and Discussion
Recovery Efficiency of N, P and K by Cabbage Crop
The RE of applied nutrient was calculated only for N, P and K due to the scarcity of studies for the other nutrients. In the experiments with doses and sources of K (Subsection 2.2.3) in cabbage the RE obtained were 128 and 109% in summer and winter periods, respectively. These high values of RE demonstrate that cabbage plants are very efficient to recover K from soil when in low K availability, which present considerable 'luxury consumption' and there may have been non-exchangeable K contribution as demonstrated by Chaves et al. (2015) or exchangeable K below 40 cm from soil surface to that uptake by cabbage (Manning et al., 2017) .
Considering the recommendations of Deus et al. (2015) and Santos et al. (2008) it is necessary to consider the RE as long as the plant does not recover 100% of the nutrient applied through fertilizers in order to determine the nutrient requirement of plants. For this version of modeling the recommendation was considered a 90% of RE. Considering a range of 62 to 100% of RE for N, a higher RE should be considered in situations of crops in fertile soils, with a larger population of plants and without loss of N sources by volatilization. For this simulation of modeling the recommendation it was considered a RE of 80%.
For P, the RE was obtained from Silva (2016) study, which studied the RE with P application as broadcasting or localized. The RE range for P was 30-45% as broadcasting and 45-60% as localized application. These RE values allow modeling the recommendation users to choose a certain value depending on the application way of phosphate fertilizer and soil buffering power for P. The RE of P also varies with type of soil, with higher RE in sandy soils due to lower fixation to mineral colloids in comparison to clayey ones (Santos et al., 2008; Muner et al., 2011; Teixeira et al., 2015) . For this version of modeling the recommendation, it was considered a RE of 30% for P applied as broadcasting and 45% for localized application.
Fertilizers Recomendations
The fertilizer recommendation for N, P and K was generated according to the nutritional balance philosophy. Thus, the recommendation consisted of the difference between REQ and SUP. In case of P, modeling the recommendation adopted that even when the soil supply is higher than crop requirement, the P recommended is not lower than a range of 80-160 kg ha -1 of P 2 O 5 due to the higher critical level of P presented by cabbage in the early stages after transplantation (Silva, 2016) . The choice of P dose should be based on soil types and P application ways, assigning lower doses to the crops in more sandy soils and/or localized application of P.
Farmers may perform fertilization after harvest to restore the original fertility, in order to not impoverish the soil along cultivations. Therefore, the modeling recommends to apply the total exported of the area by crop when SUP is greater than REQ. When SUP is lower than REQ, it is suggested to apply the difference between them during the cycle and export after harvest. The application of the equivalent to the export of nutrients after harvest is important especially for K, which is the most absorbed and exported nutrient. Cabbage is able to increase K content in the leaves without resulting in increased productivity ('luxury consumption'), which results in soil impoverishment after harvest.
For other nutrients, the modeling presents only the export and extraction of the crop, without recommending the dose to be applied. Thus, the amounts of Ca, Mg, S, Cu, Fe, Mn and Zn applied should be estimated by responsible technicians in response to crop export and extracting. This criterion was adopted because it is not know the RE of these elements by cabbage; therefore, it is not possible to determine the requirement of these nutrients by crop.
Regarding K sources, no difference was found between KCl and K 2 SO 4 sources on K accumulation in cabbage in both field experiments (Subsection 2.2.3) and by Correa et al. (2013) . Thus, in modeling disregarded sources in K supply to the cabbage. However, in the study of Correa et al. (2013) the sources influenced the accumulation of S and, according to these data, a range of CUBs should be considered from 86.8 to 106.9 for S when the source used is K 2 SO 4 . Other suitable options to provide S for cabbage would be simple superphosphate (12% S), ammonium sulphate (24% S) and agricultural gypsum (14% S).
Aplication of the System
To compare the recommendations of N, P and K, simulations were generated for productivities of 50, 80, 110 and 140 t ha -1 of heads. The simulations were performed considering a soil classified as Latossolo Vermelho-Amarelo, whose chemical attributes, at 0 to 20 cm and 20 to 40 cm depths, are described in the Table  6 . Table 6 . Chemical attributes of soil used in the simulations of fertilizer recommendation by modeling the recommendation of nutrients for cabbage crop Layer pH
(1) It was also considered in fields cultivation the existence of 8 t ha -1 of crop residues of maize (vegetative dry matter -leaves and stems) with 8.11; 0.52; 21.82 g kg -1 of N, P and K in DM, respectively (Setiyono et al., 2010) . For calculation purposes, it was considered that cabbage presented 75 days of cycle after seedlings transplanting to the cultivation place, and 40 cm was adopted as PER of the crop.
Simulation of Modeling the Recommendation of Nutrients for Cabbage Crop
The simulations performed by modeling showed that the expected productivity influences the nutrients export (quantity accumulated in heads) and extraction (amount accumulated in the heads and external leaves) ( Table 7) . Potassium was the most exported and extracted macronutrient, followed in decreasing order by N, Ca, S and P. For micronutrients, Fe was the most absorbed, followed in decreasing order by Zn, Mn and Cu. Note. Export = quantity accumulated of macro and micronutrients in heads. Extraction = amount accumulated of macro and micronutrients in the heads and external leaves.
For the macronutrients Ca, Mg and S and micronutrients Cu, Fe, Mn and Zn, the modeling showed only export and extraction of the crop for simulations performed (Table 7) . Due to the lack of knowledge about RE of these nutrients, it was not possible to estimate REQ subsystem therefore, to generate fertilizers recommendation. It reinforces the need to carry out studies with other nutrients to the complete the modeling.
From the results of the experiment to determine the nutrient accumulation in whole cabbage plant (Subsection 2.2.2), it was possible to determine the constants to fit in the requirements of N, P and K. Without constants use, the requirements values of N, P (furrow and broadcasted) and K for a yield of 140 t ha -1 were 430, 117, 176 and 535 kg ha -1 of N, P and K, respectively, whereas with the constants uses these values were 471, 133, 200 and 595 kg ha -1 of N, P and K, respectively. Constants demonstrate the need to model a recommendation system that considers beyond the nutrient accumulation in the plant shoot, the nutrients allocated in the root system.
The modeling the recommendation simulated the crop requirement from average values, but since there is a range of values (Table 3) , the system has flexibility that allows the user a choice based on their growing conditions. In addition, the system allows constant updates from new studies that generate results consistent with the reality of the crops in the field, such as the knowledge of nutrients CUB to determine cultivar and cultivation condition.
In the simulations generated by modeling, the supply of Ca and Mg via liming, and Ca and S via gypsum were not considered because the application of these correctives was unnecessary, based on chemical analysis used in the simulation (Table 6 ). The recommendation modeling requires the application by the crop and this was only calculated for N, P and K, since only for these nutrients it was possible to determine the RE. Gypsum application should be carried out on soils with high levels of Al 3+ in subsurface and when fertilizers containing S are not applied during cabbage cultivation, aiming this nutrient supply.
Fertilizer recommendation should be generated in order to avoid soil impoverishment along cultivations. In high fertility conditions, the soil nutrient supply is high and may be higher than crop requirement, as observed for P 2 O 5 recommendations (localized) at yield of 50 t ha -1 , and K 2 O at 80 t ha -1 (Table 8) . Note. * = Values obtained from literature considering soil analysis (Table 6 ) with low P availability and average availability of K. 1 = Without fertilizer recommendation during cultivation. 2 = Recommendation of 80 kg ha -1 of P 2 O 5 as starting of P. 3 = Recommendation of 160 kg ha -1 of P 2 O 5 as starting of P.
For P, in high fertility soils, it is necessary to apply at least 80 kg ha -1 of P 2 O 5 (localized), and up to 160 kg ha -1 of P 2 O 5 (broadcasting). Considering the soil analysis used in this simulation, in lowest yields the availability of P was considered high and, in this case, it may apply 80 kg ha -1 of P 2 O 5 (localized) and 160 kg ha -1 of P 2 O 5 (broadcasting). For higher yields, the soil presents supply of P below cabbage requirement; the dose applied is the difference between the requirement and supply.
For N, at productivity of 50 t ha -1 , and K at productivities of 50 and 80 t ha -1 , where the soil supply was higher than plant requirement, it was not recommended to apply them. Therefore, fertilization is recommended after cultivation in order to preserve soil fertility. These fertilizations should be based on crop export values.
The nutrient doses recommended in the literature are different from those of modeling (Table 8) . For cabbage fertilization, only range of nutrient availability in the soil is considered, without considering the expected productivity or effect of previous crop CFSEMG (1999).
In case of N, the dose recommended by CFSEMG (1999) is 150 kg ha -1 . It is not considered the organic matter content or contribution of crop residues. The recommendations of P 2 O 5 and K 2 O are 400 and 180 kg ha -1 , respectively, which is higher than those generated by modeling in order to reach a yield of 50 t ha -1 .
Conclusions
The modeling the recommendation of nutrients for cabbage crop is a useful tool to recommend fertilizers for cabbage crop with an advantage that recommendations vary with expected productivity and nutrient content available in the soil and crop residues of previous crops.
The system has great prospects in order to optimize the use of fertilizers in cabbage crop. However, it requires more specific information for its improvement, such as studies about recovery efficiency of Ca, Mg, S and micronutrients.
